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Abstract: Radioiodine therapy with 131I remains the mainstay of standard treatment for
well-differentiated thyroid cancer (DTC). Prognosis is good but concern exists that 131I-emitted
ionizing radiation may induce double-strand breaks in extra-thyroidal tissues, increasing the risk
of secondary malignancies. We, therefore, sought to evaluate the induction and 2-year persistence
of micronuclei (MN) in lymphocytes from 26 131I-treated DTC patients and the potential impact of
nine homologous recombination (HR), non-homologous end-joining (NHEJ), and mismatch repair
(MMR) polymorphisms on MN levels. MN frequency was determined by the cytokinesis-blocked
micronucleus assay while genotyping was performed through pre-designed TaqMan® Assays
or conventional PCR-restriction fragment length polymorphism (RFLP). MN levels increased
significantly one month after therapy and remained persistently higher than baseline for 2 years.
A marked reduction in lymphocyte proliferation capacity was also apparent 2 years after therapy.
MLH1 rs1799977 was associated with MN frequency (absolute or net variation) one month after
therapy, in two independent groups. Significant associations were also observed for MSH3 rs26279,
MSH4 rs5745325, NBN rs1805794, and tumor histotype. Overall, our results suggest that 131I therapy
may pose a long-term challenge to cells other than thyrocytes and that the individual genetic profile
may influence 131I sensitivity, hence its risk-benefit ratio. Further studies are warranted to confirm
the potential utility of these single nucleotide polymorphisms (SNPs) as radiogenomic biomarkers in
the personalization of radioiodine therapy.
Keywords: thyroid cancer; Iodine-131; chromosome-defective micronuclei; DNA repair;
micronucleus assay; single nucleotide polymorphism; pharmacogenomic variants; pharmacogenetics;
precision medicine
1. Introduction
Thyroid cancer (TC) is the most common endocrine malignancy, accounting for approximately
2.1% of cancers diagnosed all over the world. TC incidence is about two to four times higher in women
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than in men and is one of the most common malignancies in adolescent and young adults (ages 15–39
years), with the median age at diagnosis being lower than that for most other types of cancer [1–3].
TC incidence has been steadily increasing, over the last three decades [1], most likely because of
“surveillance bias” and overdiagnosis resulting from increased detection of small stationary lesions of
limited clinical relevance. A true rise in the number of TC cases (e.g., due to increasing exposure to
ionizing radiation (IR) from medical sources) is, however, also possible [2–4].
Papillary (PTC) and follicular (FTC) thyroid carcinoma represent 85–90% and 5–10% of TC cases,
respectively. These tumor histotypes retain their morphologic features, being often referred to as
differentiated thyroid carcinoma (DTC) [3,4]. The best-established modifiable risk factor for DTC is IR
exposure during childhood and adolescence (radioiodines including 131I, X-radiation, γ-radiation) [2–5]
and the standard treatment consists of surgical resection (total or near-total thyroidectomy) accompanied
by post-thyroidectomy radioiodine (RAI) therapy and TSH suppression [3,4]. The majority of DTC
cases is indolent in nature, iodine-avid, and responds favorably to standard therapy. Overall prognosis
is thus generally good, translating into high long-term survival and low disease-specific mortality [4].
The widespread use of RAI therapy in the management of DTC relies on the ability of 131I
to be preferentially taken up and concentrated in normal or neoplastic thyroid follicular cells,
taking advantage of these cells’ specialized mechanism for iodide uptake and accumulation [3,6,7].
Thyrocyte-accumulated 131I undergoes [β and γ] decay and releases high-energy electrons that inflict
devastating DNA damage locally. Thyroid cell death through radiation cytotoxicity ensues, allowing
for the ablation of remnant normal thyroid tissue and the eradication of any residual tumor foci [3,6].
Unfortunately, since other tissues may also concentrate 131I, its DNA damaging effects may not be
limited to the thyroid gland, increasing the risk of RAI-associated secondary malignancies such as
soft tissue tumors, colorectal cancer, salivary tumors, and leukemia [3,7]. Since the rising incidence of
TC is mostly driven by increased detection of stationary subclinical lesions, concern exists that DTC
overdiagnosis may result in potentially harmful overtreatment [2]. Indeed, if we consider the indolent
behavior of the disease, its long-term survival rate, and its mean age of diagnosis, such therapy-related
morbidity may not be justified, as most patients will have many years to experience its negative
effects [2]. The revised American Thyroid Association (ATA) clinical practice guidelines for the
management of DTC [8] reflect such concern for the first time, recommending a more cautious
diagnosis and treatment approach in order to reduce RAI use (hence, radiation exposure) particularly in
younger ages. This includes, for example, more stringent criteria for diagnosis upon nodule detection,
molecular-based risk stratification for improved treatment decisions, personalized disease management
and long-term surveillance strategies and, most importantly, use of lower RAI doses (30–50 mCi) in
patients with low-risk DTC [2,8,9].
The most relevant types of DNA damage inflicted upon IR exposure are double-strand breaks
(DSBs). Such lesions are predominantly processed by DNA repair enzymes of the homologous
recombination (HR) and non-homologous end-joining (NHEJ) repair pathways, despite mismatch
repair (MMR) pathway enzymes have also been implicated [10,11]. The activity of such DNA repair
enzymes determines the capacity of cells to repair DSBs which, in turn, influences their sensitivity to
IR. Lower DNA repair capacity, therefore, increases the extent of IR-induced DNA damage, increasing
both the likelihood of cell death through IR-induced cytotoxicity and the likelihood of malignant
transformation upon IR exposure [12,13].
Single nucleotide polymorphisms (SNPs) in DNA repair enzymes across these three pathways
have been identified and some have been demonstrated to affect the DNA repair capacity [14,15].
Such DNA repair SNPs may therefore modulate sensitivity to IR and many have indeed been associated
with TC or, more specifically, DTC susceptibility (for which IR exposure is the best-established risk
factor) [16–21]. It is likely that such functional DNA repair SNPs, through interference with the extent
of IR-induced DSBs on thyrocytes, could influence the cytotoxic potential of RAI therapy, hence its
efficacy on DTC treatment. Likewise, through a similar effect on other cells that take up and concentrate
131I, such SNPs could also modify the risk of secondary malignancies, hence the safety of RAI therapy.
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Identifying these variants is, therefore, an important challenge with clinical relevance. However, to our
knowledge, the issue has not been addressed in prior studies.
We have previously demonstrated that therapy with 70 mCi 131I in DTC patients is consistently
associated with increased DNA damage levels in peripheral lymphocytes [22,23]. With this study,
we aimed to confirm, through the use of the cytokinesis-blocked micronucleus (CBMN) assay, our prior
findings in a new group of DTC patients submitted to RAI therapy with 100 mCi. Further, we sought
to extend our analysis at 24 months after 131I administration so that the long-term persistence of
131I-induced DNA damage could be better characterized. Finally, the potential influence of HR, NHEJ,
and MMR polymorphisms on the micronuclei (MN) frequency in RAI-treated DTC patients was
also investigated.
Understanding the role of repair SNPs on the extent and persistence of 131I-induced DNA damage
will contribute to the identification of genetic biomarkers that influence the individual response to
131I-based RAI therapy and thus modulate the risk-benefit ratio of RAI therapy in DTC patients.
Such efforts may provide the basis for improved, personalized, therapeutic decisions in the context of
DTC therapy, with impact on disease prognosis and patient safety.
2. Materials and Methods
2.1. Study Population
Twenty-six DTC patients proposed for radioiodine therapy at the Department of Nuclear Medicine
of the Portuguese Oncology Institute of Lisbon (Portugal) were selected according to criteria published
elsewhere [22]. All participants were treated according to current practice, consisting of total
thyroidectomy followed by oral administration of 131I, 70 mCi (15 patients) or 100 mCi (11 patients),
to ablate thyroid remnant cells. Patients were followed for two years unless they had to be submitted
to further treatment. In such cases, patients were no longer elective for cytogenetic analysis and had to
be excluded from further analysis. A mixed cross-sectional and longitudinal study design was used,
respectively, for comparisons among genotypes or dose groups at each time point and across different
time points. In the latter case, pre-treatment values allowed each patient to serve as his own control.
To characterize the study population and account for potential confounding factors, all participants
were interviewed and completed a detailed questionnaire covering standard demographic
characteristics, personal and family medical history, lifestyle habits, and prior IR exposure. For the
purpose of smoking status, former smokers who had quit smoking at least 2 years prior to diagnosis
were considered as non-smokers. Clinical and pathological examination was also performed.
Peripheral blood samples were collected from each patient into both 10 mL heparinized tubes (for
cytogenetic analysis) and citrated tubes (for genotype analysis). For cytogenetic analysis, blood samples
were drawn (1) prior to 131I administration as well as 1, 6, and 24 months after therapy in patients
submitted to a 70 mCi dose and (2) prior to 131I administration as well as 1 and 3 months afterward in
patients submitted to a 100 mCi dose. For genotype analysis, blood samples were stored at −80 ◦C
until further use.
All subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Ethics Committee of Instituto Português de Oncologia Francisco Gentil (GIC/357) and
by the Ethics Committee of Faculdade Ciências Médicas (CE-5/2008).
2.2. Genotype Analysis
Genomic DNA was isolated from blood samples using the commercially available QIAamp® DNA
mini kit (QIAamp® DNA mini kit; Qiagen GmbH, Hilden, Germany), according to the manufacturer’s
recommendations. The fluorimetric Quant-iT™ Picogreen® dsDNA Assay Kit (Invitrogen, Waltham,
MA, USA) was used to quantify and ensure uniformity in DNA concentration (2.5 ng/µL). DNA samples
were kept at −20 ◦C until further use.
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SNPs were selected from those already analyzed by our team in a cohort of 106 DTC patients,
according to selection criteria published elsewhere [18–21]. Due to sample size limitations, only SNPs
presenting a minor allele frequency (MAF) > 0.15 in the original pool of patients were considered.
MLH3 rs175080 was excluded a posteriori for insufficient genotype frequency (n ≤ 1) in at least one of
the 131I dose groups (Table S1). Overall, a total of 9 DNA repair SNPs across 3 DNA repair pathways
(HR, NHEJ, and MMR) were considered for further analysis (Table 1).
Table 1. Selected SNPs and detailed information on the corresponding base and amino acid changes,
minor allele frequency, and Applied Biosystems (AB) assay used for genotyping.





a AB Assay ID
MLH1 3p22.2 rs1799977 A→ G Ile219Val 23.3 C___1219076_20
MSH3 5q14.1 rs26279 A→ G Thr1045Ala 27.1 C____800002_1_
MSH4 1p31.1 rs5745325 G→ A Ala97Thr 26.0 C___3286081_10
PMS1 2q32.2 rs5742933 G→ C – b 23.4 C__29329633_10
MSH6 2p16.3 rs1042821 C→ T Gly39Glu 18.2 C___8760558_10
RAD51 15q15.1 rs1801321 G→ T – b 33.2 C___7482700_10
NBN 8q21.3 rs1805794 G→ C Glu185Gln 34.7 C__26470398_30
XRCC3 14q32.33 rs861539 C→ T Thr241Met 29.0 – d
XRCC5 2q35 rs2440 C→ T – c 36.3 C___3231046_10
a MAF, minor allele frequency, according to the Genome Aggregation Database (gnomAD), v2.1.1, available at
https://gnomad.broadinstitute.org/. b SNP located on 5′ UTR. c SNP located on 3′ UTR. d not applicable (genotyping
performed by PCR-RFLP). SNPs, single nucleotide polymorphisms.
Genotyping was performed mostly by real-time polymerase chain reaction (RT-PCR): amplification
and allelic discrimination were carried out on a 96-well ABI 7300 Real-Time PCR system thermal cycler
(Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA), following the manufacturer’s
instructions, with the use of the commercially available TaqMan® SNP Genotyping Assays (Applied
Biosystems) identified in Table 1. For XRCC3 rs861539 (HR pathway), genotyping was performed by
conventional PCR-restriction fragment length polymorphism (RFLP) techniques. Primer sequences,
PCR, and digestion conditions as well as expected electrophoretic patterns have been described [19].
To confirm genotyping and ensure accurate results, inconclusive samples were reanalyzed and
genotyping was repeated in 10–15% of randomly chosen samples, with 100% concordance.
2.3. Cytogenetic Analysis
The cytokinesis-block micronucleus assay (CBMN) was used to analyze DNA damage and
conducted according to standard methods. The methodology was performed and published as
described previously [22–24]. The frequency of binucleated cells carrying micronuclei (BNMN),
defined as the number of cells with MN per 1000 binucleated lymphocytes, is expressed as a count per
thousand (%). The Cytokinesis-Block Proliferation Index (CBPI) was determined according to the
formula CBPI = [MI + 2MII + 3(MIII + MIV)]/N, where MI-MIV correspond to the number of human
lymphocytes with one to four nuclei, respectively, and N is the total number of cells analyzed.
2.4. Statistical Analysis
All analyses were done with SPSS 22.0 (IBM SPSS Statistics for Windows, version 22.0, IBM Corp,
Armonk, NY, USA) except for deviation of genotype distributions from Hardy–Weinberg equilibrium
(HWE) and linkage disequilibrium (LD) analysis between SNPs on the same chromosome, which were
performed with SNPstats [25].
Categorical variables, presented as frequencies and percentages, were compared between dose
groups and with the original cohort of DTC patients by the Pearson’s Chi-square (χ2) test or the
two-sided Fisher’s exact test whenever 2 × 2 contingency tables were possible. For continuous
variables (BNMN frequency, CBPI, and their net variation from baseline), presented as mean ± standard
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deviation, the normality and homogeneity of variances were evaluated by the Shapiro-Wilk and
Levene tests, respectively. Longitudinal comparisons were performed by the paired sample t test
(whenever a normal distribution could not be excluded) or the Wilcoxon signed-rank test (remaining
cases) while the parametric Student t test (normal distributions) or the nonparametric Mann-Whitney
U test (non-normal distributions) for independent samples were used for cross-sectional comparisons
between the two 131I dose groups and between different gender, age class, smoking status, histological
type of tumor, and genotype categories.
Variable transformation was considered, when practically useful: DTC patients were dichotomized
according to age, with the cut-off point being defined as the median age of all patients included
(54 years). Due to limited sample size (hence, low frequency of homozygous variant genotypes),
a dominant model of inheritance was assumed for all SNPs. Moreover, the net variation in BNMN
frequency (i.e., therapy-induced BNMN) was calculated by subtracting the background (pre-treatment)
BNMN frequency from the corresponding post-treatment values.
This is an exploratory ‘proof of concept’ study, not a conclusive final one. As such, the Bonferroni
adjustment was deemed as not necessary as it is too conservative. Furthermore, the complement of
the false-negative rate β to compute the power of a test (1-β) was not taken into account at this stage
since larger studies are needed to change this preliminary study into a confirmatory one. Statistical
significance was set at p < 0.05.
3. Results
3.1. Characteristics of the Study Population
A general description of the study population is presented in Table 2. The age of DTC patients
submitted to 131I therapy ranged from 32 to 73 years, with a mean of 52.54 ± 11.62 years. As expected,
female patients (88.5%, n = 23) greatly outnumbered male patients (11.5%, n = 3) and papillary
carcinoma cases (PTC, 69.2%, n = 18) were also more frequent than follicular ones (FTC, 30.8%, n = 8),
in agreement with gender and histotype distributions commonly reported for DTC [1,2,4]. Overall,
15.4% (n = 4) of patients were smokers. No significant differences in patient age, gender, histological
type of tumor, and smoking status were observed between groups submitted to different 131I doses
(Table 2) nor between any of these groups (separated or together) and our original DTC population [18].
Table 2. General characteristics for differentiated thyroid carcinoma (DTC) patients treated with 70
mCi (n = 15) and 100 mCi (n = 11) 131I.




n (%) p Value
c
Gender
Male 3 (11.5) 1 (6.7) 2 (18.2)
0.556Female 23 (88.5) 14 (93.3) 9 (81.8)
Age a 52.54 ± 11.62 b 52.07 ± 10.26 b 53.18 ± 13.76 b 0.815
≤54 14 (53.8) 8 (53.3) 6 (54.5)
1.000
>54 12 (46.2) 7 (46.7) 5 (45.5)
Smoking habits
Non-smokers 22 (84.6) 13 (86.7) 9 (81.8)
1.000Smokers 4 (15.4) 2 (13.3) 2 (18.2)
Histology
Papillary 18 (69.2) 10 (66.7) 8 (72.7)
1.000Follicular 8 (30.8) 5 (33.3) 3 (27.3)
a For age categorization purposes, the median age of all patients included in the study (54 years) was defined as the
cut-off point. b mean ± S.D. c p value for 70 mCi versus 100 mCi groups determined by two-sided Fisher’s exact test
(gender, smoking habits, and age categories) or Student t test (age mean ± S.D.).
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3.2. Cytogenetic Data
The frequency of BNMN (mean ± S.D.) in the 26 DTC patients submitted to 131I therapy and
included in this study is illustrated in Figure 1 and summarized in Table S2. Pre-treatment and
post-treatment values are presented, stratified by dose group.
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Figure 1. Binucleated cells carrying micronuclei (BNMN) frequency (%, mean ± S.D.) in DTC patients
before and after (1, 3/6, and 24 months) therapy ith different doses of 131I (70 and 100 mCi).
The results from the 70 mCi dose group u til 6 months after 131I administration have been
published before [22]. As it was not possible to collect genotyping data on 4 of the original 19 patients,
these patients were excluded and the data were re-analyzed. Longitudinal results in this dose group
are, neverthel s, similar to tho e origi ally reported [22]: as evident from Figure 1, BNMN frequency
in these patients increases significantly 1 month aft r 131I therapy (from 5.27 ± 3.63% to 8.80 ± 4.65%,
p = 0.039) and stabilizes at 6 months after 131I therapy (8.93 ± 5.92%, p = 0.944 vs. 1 month after
therapy), remaining persistently higher than before treatment (p = 0.041).
To investig te the long-term persistence of s ch therapy-induced damage, the study of these
patients at 2 years ft r therapy was extended (Table S and Figure 1). Cytogenetic data t such time
point was available for 11 patients only. The frequency of BNMN remained stable (9.64 ± 2.80%,
similar to values at 1 and 6 months, p = 0.460 and p = 0.328, respectively) and persistently higher than
baseline (p = 0.005).
To confirm these findings and check for a possible dose ffect, th study was replicated in an
independent group of patients administered with 100 mCi. As expected, BNMN frequency was
significantly higher in the 100 mCi group than in the 70 mCi group, irrespective of the time point (Table
S2 and Figure 1), suggesting a dose-effect association (hence, a cause-effect relation) between iodine
dose and BNMN levels. Apart from this quantitative difference, the effect of either dose on BNMN
frequency was qualitatively similar, BNMN in the 100 mCi group increasing significantly 1 month
after therapy (from 9.64 ± 4.78% to 17.27 ± 5.14%, p = 0.011) and remaining persistently higher than
baseline at 3 months (21.40 ± 5.66%, p < 0.001 and p = 0.054 compared to pre-treatment and 1 month
post-treatment values, respectively) (Table S2).
Moreover, of notice, the BNMN increment (net balance) after 131I therapy was more pronounced
in the 100 mCi group than in the 70 mCi group, despite the difference was not significant (p > 0.05).
Finally, the CBPI (mean ± S.D.) was also determined for the 15 DTC patients submitted to therapy
with 70 mCi 131I. As depicted in Figure 2, this index, which indicates the proliferation capacity of
lymphocytes and may be used to calculate cytotoxicity [26], did not change appreciably at 1 and 6
months after 131I administration but was markedly reduced at 24 months after therapy (from 1.78 ±
0.13 to 1.53 ± 0.09, p = 0.001).
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Figure 2. Cytokinesis-Block Proliferation Index (CBPI) (mean ± S.D.) in DTC patients before and after
(1, 6, and 24 months) therapy with 131I (70 mCi).
3.3. Characteristics of the Study Population and Cytogenetic ata
The potential influence of the demographic, lifestyle, and clinical characteristics of the study
population on cytogenetic data was also evaluated. As depicted in Figure 3, in patients treated with
70 mCi, histology interfered with both pre-treatment BNMN levels and its net balance 1 month after
131I therapy (Figure 3): basal BNMN frequency was significantly h gh r in FTC than in PTC patients
(8.20 ± 3.11% vs. 3.80 ± 3.01%, p = 0.020) but, 1 month after therapy, increased only in PTC patients,
resulting in a significantly different net balance between the two histotypes (+6.20 ± 5.05% in PTC vs.
−1.80 ± 3.96% in FTC, p = 0.009). Such effect was not observed in 100 mCi-treated patients nor when
both dose grou s wer considered together. Likewise, o signifi ant effect of gend r, age, or smoking
habits on BNMN levels or its net balance was detected, irrespective of the time point or dose group.
Furthermore, except maybe for gender, no significant effect on CBPI was observed for any of these
variables in the 70 mCi dose group. Baseline CBPI values were borderline higher in female compared
to male patients (p = 0.045) but such finding should not be overvalued as only one male patient was








sample  of  131I‐treated  patients. Genotype distributions were  consistent with HWE  in  either dose 
group or their combination (p > 0.05) and, except for MSH3 rs26279, did not differ significantly from 
those  described  in  our  previously  studied DTC  population  (c).  For MSH3  rs26279,  non‐uniform 
distribution was  observed, with  the  common  allele  being  overrepresented  in  the  study  sample 



























Ile/Val  7 (46.7)  6 (54.5)  13 (50.0) 
Val/Val  1 (6.7)  2 (18.2)  3 (11.5) 
Ile/Val+Val/Val  8 (53.3)  8 (72.7)  16 (61.5) 








Thr/Ala  3 (20.0)  3 (27.3)  6 (23.1) 
Ala/Ala  2 (13.3)  0 (0.0)  2 (7.7) 
Thr/Ala+Ala/Ala  5 (33.3)  3 (27.3)  8 (30.8) 








Ala/Thr  4 (26.7)  7 (63.6)  11 (42.3) 
Thr/Thr  0 (0.0)  0 (0.0)  0 (0.0) 
Ala/Thr+Thr/Thr  4 (26.7)  7 (63.6)  11 (42.3) 








G/C  3 (21.4)  1 (9.1)  4 (16.0) 
C/C  1 (7.1)  1 (9.1)  2 (8.0) 
G/C+C/C  4 (28.6)  2 (18.2)  6 (24.0) 
MSH6 rs1042821             
Figure 3. BNMN frequency (%, mean ± S.D.) in DTC patients before and after (1, 6, and 24 months)
therapy with 70 mCi 131I, according to tumor histotype (papillary thyroid carcinoma (PTC) and follicular
thyroid carcinoma (FTC)).
3.4. Distribution of DNA Repair SNPs in the Study Population
Table 3 reports the allele frequency and genotype distribution of 9 DNA repair SNPs among our
sample of 131I-treated patients. Genotype distributions were consistent with HWE in either dose group
or their combination (p > 0.05) and, except for MSH3 rs26279, did not differ significantly from those
described in our previously studied DTC population (c). For MSH3 rs26279, non-uniform distribution
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was observed, with the common allele being overrepresented in the study sample compared to the
original population (p = 0.048, in the dominant model, Table S1). Moreover, importantly, no significant
differences in genotype distributions were detected between dose groups, for any of the SNPs,
irrespective of the model of inheritance assumed (Table 3). No relevant linkage association was
observed between any of the SNPs.
Table 3. Allele and genotype frequencies in DTC patients submitted to 131I therapy.
Genotype





















Ile/Val 7 (46.7) 6 (54.5) 13 (50.0)
Val/Val 1 (6.7) 2 (18.2) 3 (11.5)









Thr/Ala 3 (20.0) 3 (27.3) 6 (23.1)
Ala/Ala 2 (13.3) 0 (0.0) 2 (7.7)









Ala/Thr 4 (26.7) 7 (63.6) 11 (42.3)
Thr/Thr 0 (0.0) 0 (0.0) 0 (0.0)









G/C 3 (21.4) 1 (9.1) 4 (16.0)
C/C 1 (7.1) 1 (9.1) 2 (8.0)









Gly/Glu 5 (33.3) 2 (18.2) 7 (26.9)
Glu/Glu 0 (0.0) 0 (0.0) 0 (0.0)









T/G 7 (46.7) 4 (36.4) 11 (42.3)
G/G 4 (26.7) 3 (27.3) 7 (26.9)









Glu/Gln 7 (46.7) 3 (27.3) 10 (38.5)
Gln/Gln 1 (6.7) 0 (0.0) 1 (3.8)









Thr/Met 4 (26.7) 4 (36.4) 8 (30.8)
Met/Met 6 (40.0) 2 (18.2) 8 (30.8)









T/C 6 (40.0) 5 (55.6) 11 (45.8)
C/C 4 (26.7) 2 (22.2) 6 (25.0)
T/C+C/C 10 (66.7) 7 (77.8) 17 (70.8)
MAF, minor allele frequency. All comparisons of genotype distributions were performed by the two-sided Fisher’s
exact test (whenever 2 × 2 contingency tables are possible) or the χ2 test (remaining cases). No significant differences
among the 70 and 100 mCi dose groups were observed.
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3.5. DNA Repair SNPs and Cytogenetic Data
The influence of DNA repair SNPs on BNMN frequencies and the corresponding variation from
pre-treatment values is shown in Figure 4, Table 4, Table 5 and Tables S3–S5.
Prior to 131I administration, BNMN frequency was higher in patients carrying the MLH1 rs1799977
variant allele than in those homozygous for the common allele, with the difference being significant in
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Figure 4. BNMN frequency (%, mean ± S.D.) in DTC patients before and after (1, 3/6, and 24 months)
therapy with 131I, according to genotype and 131I dose group: (a) MLH1 rs1799977, 70 mCi; (b) MLH1
rs1799977, 100 mCi; (c) MSH3 rs26279, 100 mCi; (d) MSH4 rs5745325, 100 mCi; (e) NBN rs1805794,
100 mCi.
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Table 4. Frequency of micronucleated cells (%BNMN, mean ± SD) in each 131I dose group at t0, t1, t3/t6, and t24, according to genotype (only SNPs presenting
significant findings are shown).
Genotype
70 mCi Group (n = 15), %BNMN (Mean ± SD) 100 mCi Group (n = 11), %BNMN (Mean ± SD) 70 + 100 mCi Groups (n = 26),%BNMN (Mean ± SD)
t0 t1 t6 t24 t0 t1 t3 t0 t1
MLH1 rs1799977
Ile/Ile 4.14 ± 3.29 12.14 ± 3.58 10.86 ± 7.11 9.20 ± 1.30 5.33 ± 1.16 24.00 ± 3.46 21.50 ± 7.78 4.50 ± 2.80 15.70 ± 6.63
Ile/Val + Val/Val 6.25 ± 3.85 5.88 ± 3.36 * 7.25 ± 4.46 10.00 ± 3.74 11.25 ± 4.62 * 14.75 ± 2.77 * 21.38 ± 5.71 8.75 ± 4.85 * 10.31 ± 5.46 *
MSH3 rs26279
Thr/Thr 5.50 ± 3.63 8.90 ± 3.81 9.90 ± 7.09 10.13 ± 1.64 8.00 ± 2.73 16.88 ± 5.79 19.00 ± 4.93 6.61 ± 3.42 12.44 ± 6.18
Thr/Ala + Ala/Ala 4.80 ± 4.03 8.60 ± 6.54 7.00 ± 1.58 8.33 ± 5.13 14.00 ± 7.00 18.33 ± 3.51 27.00 ± 2.00 * 8.25 ± 6.78 12.25 ± 7.31
MSH4 rs5745325
Ala/Ala 5.18 ± 3.79 8.91 ± 5.07 9.09 ± 6.64 9.63 ± 3.34 13.25 ± 5.68 13.75 ± 3.50 25.50 ± 4.73 7.33 ± 5.55 10.20 ± 5.09
Ala/Thr + Thr/Thr 5.50 ± 3.70 8.50 ± 3.87 8.50 ± 4.04 9.67 ± 0.58 7.57 ± 2.88 19.29 ± 4.99 18.67 ± 4.68 6.82 ± 3.19 15.36 ± 7.00 *
NBN rs1805794
Glu/Glu 5.43 ± 4.61 10.00 ± 4.51 8.14 ± 4.56 9.86 ± 2.12 9.00 ± 4.84 19.13 ± 4.64 19.57 ± 4.89 7.33 ± 4.92 14.87 ± 6.46
Glu/Gln + Gln/Gln 5.13 ± 2.85 7.75 ± 4.80 9.63 ± 7.15 9.25 ± 4.11 11.33 ± 5.13 12.33 ± 2.52 * 25.67 ± 5.77 6.82 ± 4.40 9.00 ± 4.69 *
* p < 0.05; p-value for variant allele carriers versus common allele homozygotes determined by the Student t test (whenever a normal distribution could not be excluded through the
Shapiro-Wilk test) or the Mann-Whitney U test (remaining cases). Significant findings highlighted in bold.
Table 5. Variation in the frequency of micronucleated cells from baseline (%BNMN, mean ± SD) in each 131I dose group at t1, t3/t6, and t24, according to genotype
(only SNPs presenting significant findings are shown).
Genotype
70 mCi Group (n = 15), %BNMN (mean ± SD) 100 mCi Group (n = 11), %BNMN(mean ± SD)
70 + 100 mCi Groups (n = 26),
%BNMN (mean ± SD)
∆t1 ∆t6 ∆t24 ∆t1 ∆t3 ∆t1
MLH1 rs1799977
Ile/Ile 8.00 ± 4.97 6.71 ± 6.85 5.00 ± 3.39 18.67 ± 3.06 16.50 ± 6.36 11.20 ± 6.71
Ile/Val + Val/Val −0.38 ± 3.70 * 1.00 ± 4.90 3.50 ± 4.37 3.50 ± 4.57 * 10.13 ± 5.28 1.56 ± 4.49 *
MSH4 rs5745325
Ala/Ala 3.73 ± 6.83 3.91 ± 7.05 4.13 ± 3.91 0.50 ± 3.11 12.25 ± 5.32 2.87 ± 6.13
Ala/Thr + Thr/Thr 3.00 ± 3.56 3.00 ± 4.90 4.33 ± 4.51 11.71 ± 7.27 * 10.83 ± 6.49 8.55 ± 7.41 *
* p < 0.05; p-value for variant allele carriers versus common allele homozygotes determined by the Student t test (whenever a normal distribution could not be excluded through the
Shapiro-Wilk test) or the Mann-Whitney U test (remaining cases). Significant findings highlighted in bold.
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One month after 131I administration, MLH1 rs1799977 variant allele carriers always presented
significantly lower BNMN levels than patients homozygous for the common allele, either when
considering absolute values (p = 0.004, p = 0.012 and p = 0.034 in the 70 mCi, 100 mCi, and in the pool
of both groups, respectively) or the net variation from baseline (p = 0.002, p = 0.001 and p < 0.001 in
the 70 mCi, 100 mCi and in the pool of both groups, respectively). BNMN frequency one month after
therapy was also significantly lower in carriers of the variant allele for NBN rs1805794 (p = 0.043 in
the 100 mCi group and p = 0.017 in the pool of both groups), with the difference in net BNMN values
almost being significant (p = 0.099 in the 100 mCi dose group and p = 0.058 in the pool of both groups).
Further, carriers of at least one MSH4 rs5745325 variant allele exhibited higher levels of 131I-induced
BNMN than patients homozygous for the common allele (p = 0.018 in the 100 mCi group, p = 0.043 in
the combination of both groups), with the difference in absolute BNMN frequencies being significant in
the pooled analysis of both groups (p = 0.039) and almost significant in the 100 mCi group (p = 0.084).
Three months after therapy, significantly higher BNMN frequencies were found in patients from
the 100 mCi group carrying the MSH3 rs26279 variant allele (p = 0.030).
No other significant difference in either absolute or therapy-induced BNMN frequencies was found
between the different genotypes of the DNA repair SNPs, at any time point. Likewise, no influence
of genotype in CBPI, either absolute or relative to baseline values, was detected for any of the DNA
repair SNPs considered in this study, at any time point (Table S6).
4. Discussion
We have previously demonstrated a significant increase in BNMN frequency in peripheral
lymphocytes from 19 DTC patients treated with 70 mCi 131I [22]. In the present exploratory study,
in order to confirm these findings, to evaluate the long-term persistence of such 131I-induced DNA
damage and to determine whether it may be influenced by DNA repair SNPs, we extended our analysis
at 2 years after 131I administration in this group of patients, included a new group of patients submitted
to RAI therapy with 100 mCi and profiled 9 DNA repair SNPs in patients from both groups.
In line with our previously reported results, we observed, in the 100 mCi dose group, a significant
and persistent increase in BNMN frequency after 131I therapy, with mean levels being always higher
than in the 70 mCi group, irrespective of the time point considered. Replication across two independent
sets of patients and observation of a dose effect strongly suggests a causal relation between RAI therapy
and systemic chromosomal damage in lymphocytes, as assessed by the MNCB assay. Such correlation
has been repeatedly demonstrated (both in thyroid patients following RAI therapy [27–32] and in
other settings where exposure to low levels of low-LET (linear energy transfer) ionizing radiation
occurs [28,33]) and is expected since 131I may be taken up by extra-thyroidal cells [7] and emit β-
and γ-radiation capable of inducing dose-dependent chromosomal damage detectable by cytogenetic
analysis (e.g., micronuclei) [27,28,32]. The ability of 131I to induce cytogenetic damage in peripheral
lymphocytes in a dose-dependent manner is, in fact, clear and well-established, allowing BNMN
frequency to be used as a valid, highly sensitive, and specific biomarker of effect for biological
dosimetry of RAI therapy and, hence, to predict its associated genotoxic risk in dividing mammalian
cells [27,28,32,34,35].
A less clear picture exists, however, concerning the long-term persistence (kinetics of the recovery)
of such IR-induced cytogenetic damage. Our results from the 70 mCi dose group suggest that
131I-induced damage in peripheral lymphocytes persists for at least 2 years. Despite negative results
have also been published [36,37], our results are in line with most prior follow-up studies on RAI
therapy or other low-dose IR exposures (e.g., for diagnostic purposes) [28,29,38–41]. Considering the
half-life of 131I (ranging from 1 to 8 days in thyroidectomized and non-thyroidectomized TC patients,
respectively) [28] and of circulating lymphocytes (about 3 years) [28,38], such repeated demonstration
of persistent cytogenetic damage is somehow surprising and challenge the widely held views about the
mechanisms of IR-induced DNA damage. Possible explanations for the long-term genomic instability of
lymphocytes from 131I-exposed subjects include the introduction, upon irradiation, of DNA damage and
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cytogenetic alterations (1) in a subset of long-lived naïve T lymphocytes, quiescent cells that survive for
prolonged periods of time in a resting stage, retaining the initially inflicted DNA damage and expressing
it as micronuclei when stimulated to proliferate in the CBMN assay [38,42,43], (2) in hematopoietic stem
and progenitor cells that, through clonal expansion, may give rise to mature T lymphocytes with stable
and unstable aberrations, perpetuating genomic instability in time (transgenerational effect) [38,42,43],
and (3) in non-irradiated lymphocytes (a delayed non-targeted effect), as a result of the long-term
production and plasma secretion of soluble clastogenic factors by irradiated cells (oxidative stress
by-products such as ROS (reactive oxygen species) and inflammatory cytokines such as TNF-α) that
may further extend IR-induced cytogenetic damage in time (“bystander effect”) [44]. The two latter
explanations are generally favored, as a large number of studies exist demonstrating either the high
frequency of gene mutations and chromosomal aberrations in the progeny of irradiated cells or the
production and plasma release of factors with clastogenic activity by irradiated cells (including one
on 131I-treated patients) [37]. Overall, current evidence [44–47] supports the notion that a potent
long-term inflammatory-type response develops upon IR exposure, irradiated cells producing danger
signals (oxidative stress by-products and inflammatory cytokines) capable of exerting an array of
persistent bystander effects in non-irradiated cells (altered levels of damage-inducible and stress-related
proteins), leading to delayed genomic instability (chromosomal aberrations, sister chromatid exchanges,
micronuclei formation/induction or mutations), hence, predisposing to malignancy (altered proliferation
or transformation). Such long-term inflammatory-type response could also be responsible for the
marked reduction in CBPI that we observed at 24 months after 131I therapy.
In this study, complying with current recommendations, we also investigated the role of potential
confounding factors on BNMN frequency. As reviewed elsewhere [48–50] and demonstrated through
meta-analysis in the International Human MicroNucleus (HUMN) Project [51], age and gender are
well-established factors, with increasing age and female gender being consistently associated with
higher BNMN levels in peripheral blood lymphocytes. The influence of age has been demonstrated,
in particular, in 131I-treated patients [28,31]. Data on the potential role of smoking status on BNMN
levels are somewhat more inconsistent, and many studies failing to find an association except, maybe,
in heavy smokers and in those with relevant occupational exposures [48–51]. In this study, no significant
effect of gender, age, or smoking habits on BNMN levels or its net balance was detected, irrespective of
the time point or dose group. The study was probably underpowered to detect such effects. It is also
possible that the effect of these variables may have been masked by the impact of internal IR exposure
after 131I administration.
We did observe, however, in the 70 mCi group only, differences on BNMN levels between the
two TC histotypes, as FTC patients presented significantly higher basal BNMN frequency than PTC
patients but significantly lower therapy-induced BNMN levels at one month after 131I administration.
This is suggestive of higher background genomic instability in FTC but higher sensitivity to the DNA
damaging effects of IR in PTC. Considering the small sample size and the non-reproducibility of
the findings between the two dose groups, extreme caution must be taken in the interpretation of
these results. Nevertheless, the available evidence supports both findings: PTC usually presents as
a microsatellite stable tumor, with no appreciable levels of either loss of heterozygosity (LOH) or
aneuploidy (stable chromosome profile) [52–54]. On the contrary, a considerable degree of chromosomal
instability appears to be a hallmark feature of FTC, which presents a consistently higher frequency
of chromosomal abnormalities, LOH, allelic loss, and a higher mutational burden compared to
PTC [52,53,55–57]. Microsatellite instability (MSI), despite uncommon in TC, also appears to be more
frequent in FTC than in PTC [53–55]. The available evidence thus largely supports our observation of
higher background genomic instability in FTC. Moreover, considering that activating RAS mutations
are commonly observed in FTC but not in PTC [53,58,59], the association between increased RAS
expression and decreased frequency of IR-induced MN reported by Miller et al. [60] is coherent with our
own observation of lower 131I-induced BNMN frequency in FTC, supporting the idea that this histotype
is less sensitive to the DNA damaging effects of IR than PTC. Such hypothesis (i.e., higher sensitivity to
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IR in PTC) is further reinforced by a recent observation, through meta-analysis, of increased efficacy of
RAI therapy in PTC patients, compared to FTC [61] but more studies are needed for a solid conclusion
to be drawn.
Moreover, in the present study, we further evaluated the potential impact of selected HR, NHEJ,
and MMR pathway SNPs on BNMN levels, before and after the administration of 131I. To our knowledge,
this is the first study doing so. Significant genotype effects on MN frequency and/or its net balance
were observed for HR (NBN) and MMR (MLH1, MSH3, MSH4) repair pathway SNPs across different
time points. This was expected because (1) IR exposure results in increased DNA damage, most notably,
single- and double-strand breaks, oxidative lesions (e.g., 8-oxoG), DNA-protein crosslinks (DPCs)
and clustered DNA lesions [62–67]; (2) the HR pathway, acting in the S/G2 stages of the cell cycle, is
the major DNA repair pathway involved in the error-free correction of DSBs [11,33,35,68]; (3) MMR
proteins, besides their canonical actions on the post-replication repair of mispaired nucleotides and
insertion–deletion loops, have also been demonstrated to play an important role on the damage
response to IR-induced DSBs, either through cooperation with HR or through signaling for cell-cycle
arrest and apoptosis [64,69–71]; (4) DSBs, if left unrepaired, e.g., due to the presence of SNPs that
reduce the DNA repair capacity, may give rise to chromosome breakage and MN formation upon
replication [28,33,35,72]. The potential influence of functional DSB repair SNPs on 131I-induced BNMN
frequency is, therefore, fully justified. A literature review on the functional impact of these SNPs and
their putative association with response to radio and/or chemotherapy was performed and is presented
below (Table 6).
Table 6. Literature review on the functional impact of the studied SNPs and their putative association
with radio and/or chemosensitivity (only SNPs presenting significant findings in the present study
are shown).
Gene DB SNP ClusterID (RS NO.) Functional Impact
Clinical Association Studies (Radio and/or
Chemosensitivity)
MLH1 rs1799977
Missense SNP located in a highly
conserved N-terminal ATPase
domain, vital for MLH1 function
[73]; G allele associated with
reduced expression [74–77].
GG genotype associated with increased
radiosensitivity in cancer patients, translating into
increased efficacy [78] or toxicity [79] of radiotherapy
(alone or combined with chemotherapy).
MSH3 rs26279
Missense SNP located in the
ATPase domain, critical for
protein activity [80]; altered
expression has been suggested
[81] but not confirmed [82].
GG genotype associated with decreased incidence of
radiation dermatitis in breast cancer patients
receiving radiotherapy [83], decreased overall
survival in head and neck squamous cell carcinoma
patients submitted to radiochemotherapy [81] and
decreased response to platinum-based chemotherapy
in advanced non-small cell lung cancer patients [84].
MSH4 rs5745325
Missense SNP located in the
N-terminal domain, involved in
the interaction with eIF3f [85].
None to be reported.
NBN rs1805794
Missense SNP located in the BRCT
domain, a region involved in the
interaction with BRCA1 [86–89];
conflicting results from functional
studies [88,90–92].
No association detected in most studies focusing on
response to radiotherapy [79,93–96] or chemotherapy
[97–99]; conflicting results also reported as the C
allele has been associated with either improved
[86,100] or worse [68,101] prognosis upon
platinum-based chemotherapy; increased frequency
of binucleated lymphocytes with nucleoplasmic
bridges in Glu/Gln children with high IR exposure,
opposite to Gln/Gln children [102].
MLH1, together with PMS2, forms the MutLα heterodimer, a complex critical for the maintenance
of genomic integrity [103,104]. The common rs1799977 (c.665A>G, Ile219Val) missense SNP is located
in a region that codes for a highly conserved N-terminal ATPase domain, vital for MLH1 function.
However, since both alleles code for nonpolar pH-neutral amino acids, the substitution is considered
conservative and not expected to result in drastic changes in protein properties and function [73].
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Several functional studies support this hypothesis [73,74,105–107] but the existence of a more subtle
effect should not be excluded [73,106,108,109] as an association between the G variant allele and
reduced MLH1 expression has been demonstrated repeatedly in cancer patients [74–77]. Moreover,
two recent meta-analyses have associated this variant with increased risk of colorectal cancer [110,111].
Considering the important role that MLH1 plays in the maintenance of genome integrity and cancer
avoidance, both observations are compatible with our own observation of increased baseline BNMN
levels in TC patients carrying the G allele. A different picture emerges, however, upon IR exposure: as
previously stated, MMR proteins such as MLH1 play a dual role in the DNA damage response to IR,
triggering cell-cycle arrest and allowing for either DSB repair or apoptosis [11,64]. MMR proficiency is
thus expected to result in higher repair efficiency of IR-induced damage (hence, lower cytogenetic
levels) and, simultaneously, higher cytotoxicity upon IR exposure (hence, increased sensitivity to
radiotherapy). Indeed, alongside with increased cancer susceptibility, the MLH1 rs1799977 variant
GG genotype has been associated with increased radiosensitivity in cancer patients, translating into
increased efficacy [78] or toxicity [79] of radiotherapy (alone or combined with chemotherapy). This is
suggestive of increased MMR proficiency in such patients and supports our own observation of
significantly lower BNMN levels, one month after 131I therapy, in TC patients carrying the G allele.
How the same allele may be associated with decreased function under basal conditions and increased
function after IR exposure remains to be explained: MLH1 has been demonstrated to be upregulated
upon IR exposure [112,113], it is possible that such upregulation might be more pronounced in G allele
carriers, but this is highly speculative. Nevertheless, the high level of significance in our observations
(especially when considering the change in MN frequency from baseline) and their cross-validation in
independent groups strengthen our conclusions and warrant further studies to clarify this issue.
Two other MMR polymorphisms presented significant findings in our study, MSH3 rs26279
and MSH4 rs5745325. Like MLH1, MSH3 also appears to be involved in the repair and damage
response to IR-associated lesions such as DSBs and inter-strand crosslinks [84,114]. MSH3 rs26279
(c.3133A>G; Thr1045Ala) is a common SNP that results in an amino acid change in the ATPase domain
of MLH3. This domain is critical for MSH3 activity, suggesting a functional impact for this variant [80].
Such hypothesis remains to be verified as, to the best of our knowledge, functional studies are lacking.
An association with altered MSH3 expression levels has been suggested [81] but not confirmed [82].
The MSH3 rs26279 G allele or GG genotype has been consistently associated with cancer risk in all
3 meta-analysis that we are aware of, particularly for colon and breast cancer [115–117], suggesting
decreased DNA repair capacity in G allele carriers. Further, MSH3 rs26279 GG homozygosity has also
been associated with decreased incidence of radiation dermatitis in breast cancer patients receiving
radiotherapy [83], decreased overall survival in head and neck squamous cell carcinoma patients
submitted to radiochemotherapy [81], and decreased response to platinum-based chemotherapy in
advanced non-small cell lung cancer patients [84], suggesting decreased sensitivity to DNA damaging
agents such as IR or platinum in GG homozygous individuals. Such phenotype is commonly associated
with MMR deficiency [64,69,70,118,119]. If we consider, once again, the dual role that MMR proteins
such as MSH3 play in damage repair and apoptosis, these results are compatible with decreased G allele
function, resulting in decreased DNA repair and apoptosis, increased damage tolerance, resistance
to radio/chemotherapy, and reduced efficacy and cytotoxicity of such therapeutic agents. Our own
observation of increased MN levels in TC patients carrying the G allele, 6 months after receiving
100 mCi 131I, fits comfortably into this picture.
Likewise, in our study, MN frequency was also significantly increased (absolute and change
from baseline values) in TC patients carrying the A allele of MSH4 rs5745325, one month after 131I
administration. MSH4 rs5745325 (c.289G>A; Ala97Thr) has only seldom been evaluated: on single
SNP analysis, two prior studies by our team failed to detect an association with either thyroid [21] or
breast cancer risk [120]. The same was observed in the only two other association studies that we found
focusing on this SNP [121,122]. Interestingly, in three out of these four studies, significant associations
were detected when interactions with other SNPs—MSH6 rs1042821 [21], MLH3 rs175080 [120],
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and CHRNA5 rs16969968 [121]—were considered. Besides the important role that MSH4 plays in
recombinational repair during meiosis [123], it is also suggested to participate, through interaction
with a vast array of binding partners, in DSB-triggered damage response and repair [85,123,124].
It is possible that MSH4 rs5745325 interferes with the binding properties of MSH4, with impact on
its putative contribution to the DNA damage response and repair. The interaction of MSH4 with
eIF3f (a subunit of the eIF3 complex implicated in apoptosis regulation and tumor development),
for example, occurs at the region comprising the first 150 amino acids of the N-terminal domain of
MSH4 (where rs5745325 is located) and has been demonstrated to foster hMSH4 stabilization and to
modulate sensitivity to IR-induced DNA damage [85]. This is in line with our own findings.
Finally, we also observed a significant association between NBN rs1805794 and BNMN frequency,
one month after the administration of 100 mCi 131I. Nibrin plays a pivotal role in the initial steps of
the cellular response to DNA damage, directly initiating DSB repair through the RAD51-dependent
HR pathway and further contributing to cell cycle checkpoint activation through an ATM-dependent
pathway [68,125–127]. Inactivating germline mutations in the NBN gene (which encodes for the Nibrin
protein) markedly impair DSB repair and cause the Nijmegen breakage syndrome, characterized by
chromosomal instability, increased cancer susceptibility, and increased sensitivity to DSB-causing
agents such as IR or cisplatin. These features highlight the importance of Nibrin for genome stability
(hence, cancer prevention) [86,93,125,127]. NBN overexpression also appears to be associated with
poor prognosis in several types of cancer [68], which is consistent with a putative increase in DNA
repair efficiency, hence, resistance to cytotoxic therapy. Among the numerous NBN polymorphisms,
rs1805794 (c.553G>C; Glu185Gln) is the most frequently investigated. This missense variant results
in an amino acid change in the BRCT (BRCA1 C Terminus) domain (amino acids 108-196), a domain
involved in the interaction of Nibrin with BRCA1. The resulting complex (the BRCA1-associated
genome surveillance complex, BASC) is responsible for the recognition and repair of aberrant
DNA [86–89]. NBN rs1805794 has been suggested to interfere with the interaction properties of
Nibrin and thus with DNA repair capacity, sensitivity to DNA damaging agents (such as IR) and
cancer susceptibility. Accordingly, NBN rs1805794 has been repeatedly associated with cancer
risk, as demonstrated by numerous meta-analysis [68,88,89,125,128–132] but conflicting reports
exist [126,127,133,134]. Interestingly, the association may vary according to ethnicity [88,130] and
tumor site [125], as one of these meta-analysis has demonstrated, for example, increased risk of leukemia,
nasopharyngeal, and urinary system cancers but decreased risk of lung, gastric, and digestive system
cancers [125]. Furthermore, final conclusive evidence on the significance of NBN rs1805794 is still
lacking, as the functional studies performed thus far have yielded negative or conflicting results:
while lymphocytes from healthy individuals homozygous for the G allele have been reported to
present higher DNA damage levels (as assessed by the Comet assay) than lymphocytes from C
allele carriers [90], opposite results have been reported in ex vivo X-ray irradiated cells from healthy
subjects [88]. Further ex vivo irradiation studies have failed to observe a significant influence of
NBN rs1805794 on DNA repair capacity and radiosensitivity [91,92]. Furthermore, since a putative
functional impact of this SNP on DNA repair capacity could possibly influence patient sensitivity to
radio and/or chemotherapy, association studies correlating NBN rs1805794 genotype with therapy
response, toxicity, or prognosis have also been performed. Again, most studies failed to find an
association in radiotherapy [79,93–96] or chemotherapy [97–99] treated patients, while other studies
presented opposite findings, associating the NBN rs1805794 C allele with either improved [86,100]
or worse [68,101] prognosis upon platinum-based chemotherapy. Interestingly, increased frequency
of binucleated lymphocytes with nucleoplasmic bridges was observed in peripheral lymphocytes
from children with high environmental exposure to IR that were heterozygous for NBN rs1805794,
while the reverse patter was observed in children homozygous for the Gln allele [102]. This may be
suggestive of molecular heterosis, a hypothesis that, considering the high interethnic variability of
the NBN rs1805794 distribution, could help in explaining such divergent results. Overall, despite
extensively investigated, the functional significance of NBN rs1805794, as well as its putative role in
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sensitivity to DNA damaging agents (such as IR) and cancer susceptibility remains elusive, warranting
further studies to clarify this issue.
5. Conclusions
In conclusion, our results confirm that BNMN levels in peripheral lymphocytes from DTC patients
increase significantly immediately 1 month after 131I therapy and further suggest that these remain
stable and persistently higher than baseline for at least 2 years. Furthermore, a marked reduction
in CBPI is observed at 24 months after 131I administration. Moreover, HR and MMR SNPs (MLH1
rs1799977, MSH3 rs26279, MSH4 rs5745325, and NBN rs1805794) were, for the first time, associated
with IR-induced MN, a cytogenetic marker of DNA damage, in TC patients submitted to 131I therapy.
Among such findings, a highly significant and independently replicated association was observed
for MLH1 rs1799977, strongly suggesting a role for this particular SNP on the personalization of
RAI therapy in TC cancer patients. Baseline and post-therapy MN levels also diverged according to
tumor histotype. These results should be regarded as merely suggestive and proof of concept, as the
sample was small and the number of tests was high, increasing the likelihood of false-positive results.
Nevertheless, our findings suggest that TC therapy with 131I may pose a long-term challenge to cells
other than thyrocytes and that the patient genetic profile may influence the individual sensitivity to
this therapy. Such hypotheses are of relevance to the efficacy and safety of 131I therapy, a widespread
practice in TC patients. As such, extending the benefit already achieved with the latest guidelines on TC
treatment in terms of risk/benefit ratio through improved clinical assessment of the potential long-term
risks of 131I therapy is desirable. Likewise, despite the micronucleus test is considered the gold standard
methodology in genetic toxicology testing and often used as a “stand-alone” test in numerous and
relevant papers in this area, other tests should also be employed to validate these results. Furthermore,
potential radiogenomic markers such as those suggested here should be evaluated in larger samples,
preferentially through multi-center independent studies adequately powered to provide more robust
evidence and, eventually, to allow for gene-gene and gene-environment interactions to be assessed.
Identifying the most clinically relevant variables, genetic or non-genetic, and accurately estimating
their impact on 131I therapy response rate and adverse event risk for each individual TC patient is the
ultimate goal, under a personalized medicine approach.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/9/1083/s1,
Table S1: Allele and genotype frequencies in thyroid cancer patients submitted to 131I therapy (n = 26) and in the
original (reference) DTC population (n = 106), Table S2: BNMN frequency (%, mean ± S.D.) in DTC patients
before and after (1, 3/6, and 24 months) therapy with different doses of 131I (70 and 100 mCi), Table S3: Frequency
of micronucleated cells (%BNMN, mean ± SD) in the 70 mCi dose group at t0, t1, t6 and t24, and corresponding
variation, according to genotype, Table S4: Frequency of micronucleated cells (%BNMN, mean ± SD) in the
100 mCi dose group at t0, t1 and t3, and corresponding variation, according to genotype, Table S5: Frequency
of micronucleated cells (%BNMN, mean ± SD) in the combined dose groups at t0 and t1, and corresponding
variation, according to genotype, Table S6: Cytokinesis-Block Proliferation Index (CBPI, mean ± SD) in the 70 mCi
dose group at t0, t1, t6 and t24, and corresponding variation, according to genotype.
Author Contributions: Conceptualization was mainly developed by J.R., T.C.F., and E.L.; methodology was
performed by, O.M.G., L.S.S., and B.C.G.; validation proceedings by L.S.S., B.C.G., and S.N.S.; formal analysis was
done by L.S.S. and S.N.S.; investigation was mainly performed by L.S.S. and B.C.G.; resources acquired in restrict
collaboration by O.M.G. and T.C.F.; data curation, O.M.G., T.C.F., and E.L.; writing—original draft preparation,
L.S.S; writing—review and editing, B.C.G., O.M.G., S.N.S., and J.R.; visualization has been prepared by L.S.S. and
S.N.S.; supervision of this project was done by J.R.; project administration, J.R. and E.L.; funding acquisition, J.R.
All authors have read and agreed to the published version of the manuscript.
Funding: This research was funded by FCT—Fundação para a Ciência e a Tecnologia (Portuguese Foundation for
Science and Technology) through Project UID/BIM/00009/2019—Centre for Toxicogenomics and Human Health.
Acknowledgments: The authors warmly acknowledge the generous collaboration of patients and controls in this
study as well as of our colleague Ana Paula Azevedo for technical support.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.
Genes 2020, 11, 1083 17 of 24
References
1. Ferlay, J.; Ervik, M.; Lam, F.; Colombet, M.; Mery, L.; Piñeros, M.; Znaor, A.; Soerjomataram, I.; Bray, F. Global
Cancer Observatory: Cancer Today. Available online: https://gco.iarc.fr/today (accessed on 28 May 2019).
2. Kitahara, C.M.; Sosa, J.A. The changing incidence of thyroid cancer. Nat. Rev. Endocrinol. 2016, 12, 646–653.
[CrossRef] [PubMed]
3. Lebastchi, A.H.; Callender, G.G. Thyroid cancer. Curr. Probl. Cancer 2014, 38, 48–74. [CrossRef] [PubMed]
4. Khosravi, M.H.; Kouhi, A.; Saeedi, M.; Bagherihagh, A.; Amirzade-Iranaq, M.H. Thyroid Cancers:
Considerations, Classifications, and Managements. In Diagnosis and Management of Head and Neck Cancer;
Akarslan, Z., Ed.; IntechOpen: London, UK, 2017; pp. 57–82. [CrossRef]
5. Wild, C.; Weiderpass, E.; Stewart, B. (Eds.) World Cancer Report: Cancer Research for Cancer Prevention;
International Agency for Research on Cancer: Lyon, France, 2020.
6. Mayson, S.E.; Yoo, D.C.; Gopalakrishnan, G. The evolving use of radioiodine therapy in differentiated thyroid
cancer. Oncology 2015, 88, 247–256. [CrossRef]
7. Carballo, M.; Quiros, R.M. To treat or not to treat: The role of adjuvant radioiodine therapy in thyroid cancer
patients. J. Oncol. 2012, 2012, 707156. [CrossRef] [PubMed]
8. Haugen, B.R.; Alexander, E.K.; Bible, K.C.; Doherty, G.M.; Mandel, S.J.; Nikiforov, Y.E.; Pacini, F.;
Randolph, G.W.; Sawka, A.M.; Schlumberger, M.; et al. 2015 American Thyroid Association Management
Guidelines for Adult Patients with Thyroid Nodules and Differentiated Thyroid Cancer: The American
Thyroid Association Guidelines Task Force on Thyroid Nodules and Differentiated Thyroid Cancer. Thyroid
Off. J. Am. Thyroid Assoc. 2016, 26, 1–133. [CrossRef] [PubMed]
9. Haugen, B.R. 2015 American Thyroid Association Management Guidelines for Adult Patients with Thyroid
Nodules and Differentiated Thyroid Cancer: What is new and what has changed? Cancer 2017, 123, 372–381.
[CrossRef]
10. Chatterjee, N.; Walker, G.C. Mechanisms of DNA damage, repair, and mutagenesis. Environ. Mol. Mutagenesis
2017, 58, 235–263. [CrossRef]
11. Collins, S.P.; Dritschilo, A. The mismatch repair and base excision repair pathways: An opportunity for
individualized (personalized) sensitization of cancer therapy. Cancer Biol. Ther. 2009, 8, 1164–1166. [CrossRef]
12. Doai, M.; Watanabe, N.; Takahashi, T.; Taniguchi, M.; Tonami, H.; Iwabuchi, K.; Kayano, D.; Fukuoka, M.;
Kinuya, S. Sensitive immunodetection of radiotoxicity after iodine-131 therapy for thyroid cancer using
gamma-H2AX foci of DNA damage in lymphocytes. Ann. Nucl. Med. 2013, 27, 233–238. [CrossRef]
13. Eberlein, U.; Scherthan, H.; Bluemel, C.; Peper, M.; Lapa, C.; Buck, A.K.; Port, M.; Lassmann, M. DNA Damage
in Peripheral Blood Lymphocytes of Thyroid Cancer Patients After Radioiodine Therapy. J. Nucl. Med. Off.
Publ. Soc. Nucl. Med. 2016, 57, 173–179. [CrossRef]
14. Simonelli, V.; Mazzei, F.; D’Errico, M.; Dogliotti, E. Gene susceptibility to oxidative damage: From single
nucleotide polymorphisms to function. Mutat. Res. 2012, 731, 1–13. [CrossRef] [PubMed]
15. Sameer, A.S.; Nissar, S. XPD-The Lynchpin of NER: Molecule, Gene, Polymorphisms, and Role in Colorectal
Carcinogenesis. Front. Mol. Biosci. 2018, 5, 23. [CrossRef]
16. Adjadj, E.; Schlumberger, M.; de Vathaire, F. Germ-line DNA polymorphisms and susceptibility to
differentiated thyroid cancer. Lancet Oncol. 2009, 10, 181–190. [CrossRef]
17. Gatzidou, E.; Michailidi, C.; Tseleni-Balafouta, S.; Theocharis, S. An epitome of DNA repair related genes
and mechanisms in thyroid carcinoma. Cancer Lett. 2010, 290, 139–147. [CrossRef] [PubMed]
18. Santos, L.S.; Gomes, B.C.; Bastos, H.N.; Gil, O.M.; Azevedo, A.P.; Ferreira, T.C.; Limbert, E.; Silva, S.N.;
Rueff, J. Thyroid Cancer: The Quest for Genetic Susceptibility Involving DNA Repair Genes. Genes 2019, 10,
586. [CrossRef]
19. Bastos, H.N.; Antao, M.R.; Silva, S.N.; Azevedo, A.P.; Manita, I.; Teixeira, V.; Pina, J.E.; Gil, O.M.; Ferreira, T.C.;
Limbert, E.; et al. Association of polymorphisms in genes of the homologous recombination DNA repair
pathway and thyroid cancer risk. Thyroid Off. J. Am. Thyroid Assoc. 2009, 19, 1067–1075. [CrossRef]
20. Gomes, B.C.; Silva, S.N.; Azevedo, A.P.; Manita, I.; Gil, O.M.; Ferreira, T.C.; Limbert, E.; Rueff, J.; Gaspar, J.F.
The role of common variants of non-homologous end-joining repair genes XRCC4, LIG4 and Ku80 in thyroid
cancer risk. Oncol. Rep. 2010, 24, 1079–1085.
21. Santos, L.S.; Silva, S.N.; Gil, O.M.; Ferreira, T.C.; Limbert, E.; Rueff, J. Mismatch repair single nucleotide
polymorphisms and thyroid cancer susceptibility. Oncol. Lett. 2018, 15, 6715–6726. [CrossRef]
Genes 2020, 11, 1083 18 of 24
22. Gil, O.M.; Oliveira, N.G.; Rodrigues, A.S.; Laires, A.; Ferreira, T.C.; Limbert, E.; Leonard, A.; Gerber, G.;
Rueff, J. Cytogenetic alterations and oxidative stress in thyroid cancer patients after iodine-131 therapy.
Mutagenesis 2000, 15, 69–75. [CrossRef]
23. Monteiro Gil, O.; Oliveira, N.G.; Rodrigues, A.S.; Laires, A.; Ferreira, T.C.; Limbert, E.; Rueff, J. Possible
transient adaptive response to mitomycin C in peripheral lymphocytes from thyroid cancer patients after
iodine-131 therapy. Int. J. Cancer 2002, 102, 556–561. [CrossRef]
24. Gil, O.M.; Oliveira, N.G.; Rodrigues, A.S.; Laires, A.; Ferreira, T.C.; Limbert, E.; Rueff, J. No evidence of
increased chromosomal aberrations and micronuclei in lymphocytes from nonfamilial thyroid cancer patients
prior to radiotherapy. Cancer Genet. Cytogenet. 2000, 123, 55–60. [CrossRef] [PubMed]
25. Sole, X.; Guino, E.; Valls, J.; Iniesta, R.; Moreno, V. SNPStats: A web tool for the analysis of association studies.
Bioinformatics 2006, 22, 1928–1929. [CrossRef] [PubMed]
26. OECD. Test No. 487: In Vitro Mammalian Cell Micronucleus Test; OECD: Paris, France, 2016. [CrossRef]
27. Hernández, A.; Xamena, N.; Gutiérrez, S.; Velázquez, A.; Creus, A.; Surrallés, J.; Galofré, P.; Marcos, R.
Basal and induced micronucleus frequencies in human lymphocytes with different GST and NAT2 genetic
backgrounds. Mutat. Res. 2006, 606, 12–20. [CrossRef]
28. Gutiérrez, S.; Carbonell, E.; Galofré, P.; Creus, A.; Marcos, R. Cytogenetic damage after 131-iodine treatment
for hyperthyroidism and thyroid cancer. A study using the micronucleus test. Eur. J. Nucl. Med. 1999, 26,
1589–1596. [CrossRef] [PubMed]
29. Livingston, G.K.; Foster, A.E.; Elson, H.R. Effect of in vivo exposure to iodine-131 on the frequency and
persistence of micronuclei in human lymphocytes. J. Toxicol. Environ. Health 1993, 40, 367–375. [CrossRef]
[PubMed]
30. Ramírez, M.J.; Puerto, S.; Galofré, P.; Parry, E.M.; Parry, J.M.; Creus, A.; Marcos, R.; Surrallés, J. Multicolour
FISH detection of radioactive iodine-induced 17cen-p53 chromosomal breakage in buccal cells from
therapeutically exposed patients. Carcinogenesis 2000, 21, 1581–1586.
31. Ramírez, M.J.; Surrallés, J.; Galofré, P.; Creus, A.; Marcos, R. Radioactive iodine induces clastogenic and
age-dependent aneugenic effects in lymphocytes of thyroid cancer patients as revealed by interphase FISH.
Mutagenesis 1997, 12, 449–455. [CrossRef]
32. Monzen, S.; Mariya, Y.; Wojcik, A.; Kawamura, C.; Nakamura, A.; Chiba, M.; Hosoda, M.; Takai, Y. Predictive
factors of cytotoxic damage in radioactive iodine treatment of differentiated thyroid cancer patients. Mol.
Clin. Oncol. 2015, 3, 692–698. [CrossRef]
33. Shakeri, M.; Zakeri, F.; Changizi, V.; Rajabpour, M.R.; Farshidpour, M.R. Cytogenetic effects of radiation and
genetic polymorphisms of the XRCC1 and XRCC3 repair genes in industrial radiographers. Radiat. Environ.
Biophys. 2019, 58, 247–255. [CrossRef]
34. Müller, W.U.; Nüsse, M.; Miller, B.M.; Slavotinek, A.; Viaggi, S.; Streffer, C. Micronuclei: A biological indicator
of radiation damage. Mutat. Res. 1996, 366, 163–169. [CrossRef]
35. Sinitsky, M.Y.; Minina, V.I.; Asanov, M.A.; Yuzhalin, A.E.; Ponasenko, A.V.; Druzhinin, V.G. Association of
DNA repair gene polymorphisms with genotoxic stress in underground coal miners. Mutagenesis 2017, 32,
501–509. [CrossRef] [PubMed]
36. Watanabe, N.; Yokoyama, K.; Kinuya, S.; Shuke, N.; Shimizu, M.; Futatsuya, R.; Michigishi, T.; Tonami, N.;
Seto, H.; Goodwin, D.A. Radiotoxicity after iodine-131 therapy for thyroid cancer using the micronucleus
assay. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 1998, 39, 436–440.
37. Ballardin, M.; Gemignani, F.; Bodei, L.; Mariani, G.; Ferdeghini, M.; Rossi, A.M.; Migliore, L.; Barale, R.
Formation of micronuclei and of clastogenic factor(s) in patients receiving therapeutic doses of iodine-131.
Mutat. Res. 2002, 514, 77–85. [CrossRef]
38. Livingston, G.K.; Khvostunov, I.K. Cytogenetic effects of radioiodine therapy: A 20-year follow-up study.
Radiat. Environ. Biophys. 2016, 55, 203–213. [CrossRef]
39. Puerto, S.; Marcos, R.; Ramírez, M.J.; Galofré, P.; Creus, A.; Surrallés, J. Equal induction and persistence
of chromosome aberrations involving chromosomes 1, 4 and 10 in thyroid cancer patients treated with
radioactive iodine. Mutat. Res. 2000, 469, 147–158. [CrossRef]
40. Fenech, M.; Denham, J.; Francis, W.; Morley, A. Micronuclei in cytokinesis-blocked lymphocytes of cancer
patients following fractionated partial-body radiotherapy. Int. J. Radiat. Biol. 1990, 57, 373–383. [CrossRef]
Genes 2020, 11, 1083 19 of 24
41. M’Kacher, R.; Légal, J.D.; Schlumberger, M.; Aubert, B.; Beron-Gaillard, N.; Gaussen, A.; Parmentier, C.
Sequential biological dosimetry after a single treatment with iodine-131 for differentiated thyroid carcinoma.
J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 1997, 38, 377–380.
42. Livingston, G.K.; Escalona, M.; Foster, A.; Balajee, A.S. Persistent in vivo cytogenetic effects of radioiodine
therapy: A 21-year follow-up study using multicolor FISH. J. Radiat. Res. 2018, 59, 10–17. [CrossRef]
43. Livingston, G.K.; Ryan, T.L.; Smith, T.L.; Escalona, M.B.; Foster, A.E.; Balajee, A.S. Detection of Simple,
Complex, and Clonal Chromosome Translocations Induced by Internal Radioiodine Exposure: A Cytogenetic
Follow-Up Case Study after 25 Years. Cytogenet. Genome Res. 2019, 159, 169–181. [CrossRef]
44. Lindholm, C.; Acheva, A.; Salomaa, S. Clastogenic plasma factors: A short overview. Radiat. Environ. Biophys.
2010, 49, 133–138. [CrossRef]
45. Morgan, W.F. Is there a common mechanism underlying genomic instability, bystander effects and other
nontargeted effects of exposure to ionizing radiation? Oncogene 2003, 22, 7094–7099. [CrossRef] [PubMed]
46. Mavragani, I.V.; Laskaratou, D.A.; Frey, B. Key mechanisms involved in ionizing radiation-induced systemic
effects. A current review. Toxicol. Res. 2016, 5, 12–33. [CrossRef] [PubMed]
47. Lorimore, S.A.; McIlrath, J.M.; Coates, P.J.; Wright, E.G. Chromosomal instability in unirradiated hemopoietic
cells resulting from a delayed in vivo bystander effect of gamma radiation. Cancer Res. 2005, 65, 5668–5673.
[CrossRef] [PubMed]
48. Fenech, M.; Bonassi, S. The effect of age, gender, diet and lifestyle on DNA damage measured using
micronucleus frequency in human peripheral blood lymphocytes. Mutagenesis 2011, 26, 43–49. [CrossRef]
49. Fenech, M.; Holland, N.; Zeiger, E.; Chang, W.P.; Burgaz, S.; Thomas, P.; Bolognesi, C.; Knasmueller, S.;
Kirsch-Volders, M.; Bonassi, S. The HUMN and HUMNxL international collaboration projects on human
micronucleus assays in lymphocytes and buccal cells–past, present and future. Mutagenesis 2011, 26, 239–245.
[CrossRef]
50. Battershill, J.M.; Burnett, K.; Bull, S. Factors affecting the incidence of genotoxicity biomarkers in peripheral
blood lymphocytes: Impact on design of biomonitoring studies. Mutagenesis 2008, 23, 423–437. [CrossRef]
51. Bonassi, S.; Fenech, M.; Lando, C.; Lin, Y.P.; Ceppi, M.; Chang, W.P.; Holland, N.; Kirsch-Volders, M.;
Zeiger, E.; Ban, S.; et al. HUman MicroNucleus project: International database comparison for results
with the cytokinesis-block micronucleus assay in human lymphocytes: I. Effect of laboratory protocol,
scoring criteria, and host factors on the frequency of micronuclei. Environ. Mol. Mutagenesis 2001, 37, 31–45.
[CrossRef]
52. Caria, P.; Vanni, R. Cytogenetic and molecular events in adenoma and well-differentiated thyroid follicular-cell
neoplasia. Cancer Genet. Cytogenet. 2010, 203, 21–29. [CrossRef]
53. Genutis, L.K.; Tomsic, J.; Bundschuh, R.A.; Brock, P.L.; Williams, M.D.; Roychowdhury, S.; Reeser, J.W.;
Frankel, W.L.; Alsomali, M.; Routbort, M.J.; et al. Microsatellite Instability Occurs in a Subset of Follicular
Thyroid Cancers. Thyroid Off. J. Am. Thyroid Assoc. 2019, 29, 523–529. [CrossRef]
54. Lazzereschi, D.; Palmirotta, R.; Ranieri, A.; Ottini, L.; Veri, M.C.; Cama, A.; Cetta, F.; Nardi, F.; Colletta, G.;
Mariani-Costantini, R. Microsatellite instability in thyroid tumours and tumour-like lesions. Br. J. Cancer
1999, 79, 340–345. [CrossRef]
55. Migdalska-Sek, M.; Czarnecka, K.H.; Kusinski, M.; Pastuszak-Lewandoska, D.; Nawrot, E.; Kuzdak, K.;
Brzezianska-Lasota, E. Clinicopathological Significance of Overall Frequency of Allelic Loss (OFAL) in
Lesions Derived from Thyroid Follicular Cell. Mol. Diagn. Ther. 2019, 23, 369–382. [CrossRef] [PubMed]
56. Ward, L.S.; Brenta, G.; Medvedovic, M.; Fagin, J.A. Studies of allelic loss in thyroid tumors reveal major
differences in chromosomal instability between papillary and follicular carcinomas. J. Clin. Endocrinol. Metab.
1998, 83, 525–530. [CrossRef] [PubMed]
57. Gillespie, J.W.; Nasir, A.; Kaiser, H.E. Loss of heterozygosity in papillary and follicular thyroid carcinoma:
A mini review. VIVO (AthensGreece) 2000, 14, 139–140.
58. Xing, M. Molecular pathogenesis and mechanisms of thyroid cancer. Nat. Rev. Cancer 2013, 13, 184–199.
[CrossRef] [PubMed]
59. Sobrinho-Simoes, M.; Eloy, C.; Magalhaes, J.; Lobo, C.; Amaro, T. Follicular thyroid carcinoma. Mod. Pathol.
2011, 24, S10–S18. [CrossRef]
60. Miller, A.C.; Gafner, J.; Clark, E.P.; Samid, D. Differences in radiation-induced micronuclei yields of human
cells: Influence of ras gene expression and protein localization. Int. J. Radiat. Biol. 1993, 64, 547–554.
[CrossRef]
Genes 2020, 11, 1083 20 of 24
61. Zhang, X.; Liu, D.S.; Luan, Z.S.; Zhang, F.; Liu, X.H.; Zhou, W.; Zhong, S.F.; Lai, H. Efficacy of radioiodine
therapy for treating 20 patients with pulmonary metastases from differentiated thyroid cancer and a
meta-analysis of the current literature. Clin. Transl. Oncol. 2018, 20, 928–935. [CrossRef]
62. Eccles, L.J.; O’Neill, P.; Lomax, M.E. Delayed repair of radiation induced clustered DNA damage: Friend or
foe? Mutat. Res. 2011, 711, 134–141. [CrossRef] [PubMed]
63. Sage, E.; Shikazono, N. Radiation-induced clustered DNA lesions: Repair and mutagenesis. Free Radic. Biol.
Med. 2017, 107, 125–135. [CrossRef]
64. Martin, L.M.; Marples, B.; Coffey, M.; Lawler, M.; Lynch, T.H.; Hollywood, D.; Marignol, L. DNA mismatch
repair and the DNA damage response to ionizing radiation: Making sense of apparently conflicting data.
Cancer Treat. Rev. 2010, 36, 518–527. [CrossRef]
65. Nickoloff, J.A.; Sharma, N.; Taylor, L. Clustered DNA Double-Strand Breaks: Biological Effects and Relevance
to Cancer Radiotherapy. Genes 2020, 11, 99. [CrossRef] [PubMed]
66. Zhang, H.; Xiong, Y.; Chen, J. DNA-protein cross-link repair: What do we know now? Cell Biosci. 2020, 10, 3.
[CrossRef] [PubMed]
67. Nakano, T.; Xu, X.; Salem, A.M.H.; Shoulkamy, M.I.; Ide, H. Radiation-induced DNA-protein cross-links:
Mechanisms and biological significance. Free Radic. Biol. Med. 2017, 107, 136–145. [CrossRef] [PubMed]
68. Wang, L.; Cheng, J.; Gao, J.; Wang, J.; Liu, X.; Xiong, L. Association between the NBS1 Glu185Gln
polymorphism and lung cancer risk: A systemic review and meta-analysis. Mol. Biol. Rep. 2013, 40,
2711–2715. [CrossRef]
69. Kinsella, T.J. Coordination of DNA mismatch repair and base excision repair processing of chemotherapy
and radiation damage for targeting resistant cancers. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2009, 15,
1853–1859. [CrossRef]
70. Edelbrock, M.A.; Kaliyaperumal, S.; Williams, K.J. Structural, molecular and cellular functions of MSH2 and
MSH6 during DNA mismatch repair, damage signaling and other noncanonical activities. Mutat. Res. 2013,
743, 53–66. [CrossRef]
71. Iyama, T.; Wilson, D.M., 3rd. DNA repair mechanisms in dividing and non-dividing cells. DNA Repair 2013,
12, 620–636. [CrossRef]
72. Iarmarcovai, G.; Bonassi, S.; Botta, A.; Baan, R.A.; Orsière, T. Genetic polymorphisms and micronucleus
formation: A review of the literature. Mutat. Res. 2008, 658, 215–233. [CrossRef]
73. Plotz, G.; Raedle, J.; Spina, A.; Welsch, C.; Stallmach, A.; Zeuzem, S.; Schmidt, C. Evaluation of the MLH1
I219V alteration in DNA mismatch repair activity and ulcerative colitis. Inflamm. Bowel Dis. 2008, 14, 605–611.
[CrossRef]
74. Milanizadeh, S.; Khanyaghma, M.; Haghighi, M.M.; Mohebbi, S.; Damavand, B.; Almasi, S.; Azimzadeh, P.;
Zali, M. Molecular analysis of imperative polymorphisms of MLH1 gene in sporadic colorectal cancer. Cancer
Biomark. Sect. A Dis. Markers 2013, 13, 427–432. [CrossRef]
75. Kim, J.C.; Roh, S.A.; Koo, K.H.; Ka, I.H.; Kim, H.C.; Yu, C.S.; Lee, K.H.; Kim, J.S.; Lee, H.I.; Bodmer, W.F.
Genotyping possible polymorphic variants of human mismatch repair genes in healthy Korean individuals
and sporadic colorectal cancer patients. Fam. Cancer 2004, 3, 129–137. [CrossRef] [PubMed]
76. Rossi, D.; Rasi, S.; Di Rocco, A.; Fabbri, A.; Forconi, F.; Gloghini, A.; Bruscaggin, A.; Franceschetti, S.;
Fangazio, M.; De Paoli, L.; et al. The host genetic background of DNA repair mechanisms is an independent
predictor of survival in diffuse large B-cell lymphoma. Blood 2011, 117, 2405–2413. [CrossRef] [PubMed]
77. Xiao, X.Q.; Gong, W.D.; Wang, S.Z.; Zhang, Z.D.; Rui, X.P.; Wu, G.Z.; Ren, F. Polymorphisms of mismatch
repair gene hMLH1 and hMSH2 and risk of gastric cancer in a Chinese population. Oncol. Lett. 2012, 3,
591–598. [CrossRef] [PubMed]
78. Dreussi, E.; Cecchin, E.; Polesel, J.; Canzonieri, V.; Agostini, M.; Boso, C.; Belluco, C.; Buonadonna, A.;
Lonardi, S.; Bergamo, F.; et al. Pharmacogenetics Biomarkers and Their Specific Role in Neoadjuvant
Chemoradiotherapy Treatments: An Exploratory Study on Rectal Cancer Patients. Int. J. Mol. Sci. 2016, 17,
1482. [CrossRef]
79. Damaraju, S.; Murray, D.; Dufour, J.; Carandang, D.; Myrehaug, S.; Fallone, G.; Field, C.; Greiner, R.;
Hanson, J.; Cass, C.E.; et al. Association of DNA repair and steroid metabolism gene polymorphisms with
clinical late toxicity in patients treated with conformal radiotherapy for prostate cancer. Clin. Cancer Res. Off.
J. Am. Assoc. Cancer Res. 2006, 12, 2545–2554. [CrossRef]
Genes 2020, 11, 1083 21 of 24
80. Morales, F.; Vásquez, M.; Santamaría, C.; Cuenca, P.; Corrales, E.; Monckton, D.G. A polymorphism in the
MSH3 mismatch repair gene is associated with the levels of somatic instability of the expanded CTG repeat
in the blood DNA of myotonic dystrophy type 1 patients. DNA Repair 2016, 40, 57–66. [CrossRef]
81. Nogueira, G.A.; Lourenço, G.J.; Oliveira, C.B.; Marson, F.A.; Lopes-Aguiar, L.; Costa, E.F.; Lima, T.R.;
Liutti, V.T.; Leal, F.; Santos, V.C.; et al. Association between genetic polymorphisms in DNA mismatch
repair-related genes with risk and prognosis of head and neck squamous cell carcinoma. Int. J. Cancer 2015,
137, 810–818. [CrossRef]
82. Vogelsang, M.; Wang, Y.; Veber, N.; Mwapagha, L.M.; Parker, M.I. The cumulative effects of polymorphisms
in the DNA mismatch repair genes and tobacco smoking in oesophageal cancer risk. PLoS ONE 2012, 7,
e36962. [CrossRef]
83. Mangoni, M.; Bisanzi, S.; Carozzi, F.; Sani, C.; Biti, G.; Livi, L.; Barletta, E.; Costantini, A.S.; Gorini, G.
Association between genetic polymorphisms in the XRCC1, XRCC3, XPD, GSTM1, GSTT1, MSH2, MLH1,
MSH3, and MGMT genes and radiosensitivity in breast cancer patients. Int. J. Radiat. Oncol. Biol. Phys. 2011,
81, 52–58. [CrossRef]
84. Xu, X.L.; Yao, Y.L.; Xu, W.Z.; Feng, J.G.; Mao, W.M. Correlation of MSH3 polymorphisms with response and
survival in advanced non-small cell lung cancer patients treated with first-line platinum-based chemotherapy.
Genet. Mol. Res. Gmr 2015, 14, 3525–3533. [CrossRef]
85. Chu, Y.L.; Wu, X.; Xu, Y.; Her, C. MutS homologue hMSH4: Interaction with eIF3f and a role in NHEJ-mediated
DSB repair. Mol. Cancer 2013, 12, 51. [CrossRef] [PubMed]
86. Xu, J.L.; Hu, L.M.; Huang, M.D.; Zhao, W.; Yin, Y.M.; Hu, Z.B.; Ma, H.X.; Shen, H.B.; Shu, Y.Q. Genetic
variants of NBS1 predict clinical outcome of platinum-based chemotherapy in advanced non-small cell lung
cancer in Chinese. Asian Pac. J. Cancer Prev. Apjcp 2012, 13, 851–856. [CrossRef] [PubMed]
87. Smith, T.R.; Liu-Mares, W.; Van Emburgh, B.O.; Levine, E.A.; Allen, G.O.; Hill, J.W.; Reis, I.M.; Kresty, L.A.;
Pegram, M.D.; Miller, M.S.; et al. Genetic polymorphisms of multiple DNA repair pathways impact age at
diagnosis and TP53 mutations in breast cancer. Carcinogenesis 2011, 32, 1354–1360. [CrossRef] [PubMed]
88. Fang, W.; Qiu, F.; Zhang, L.; Deng, J.; Zhang, H.; Yang, L.; Zhou, Y.; Lu, J. The functional polymorphism of
NBS1 p.Glu185Gln is associated with an increased risk of lung cancer in Chinese populations: Case-control
and a meta-analysis. Mutat. Res. 2014, 770, 61–68. [CrossRef] [PubMed]
89. Lu, M.; Lu, J.; Yang, X.; Yang, M.; Tan, H.; Yun, B.; Shi, L. Association between the NBS1 E185Q polymorphism
and cancer risk: A meta-analysis. BMC Cancer 2009, 9, 124. [CrossRef]
90. Goricar, K.; Erculj, N.; Zadel, M.; Dolzan, V. Genetic polymorphisms in homologous recombination repair
genes in healthy Slovenian population and their influence on DNA damage. Radiol. Oncol. 2012, 46, 46–53.
[CrossRef]
91. Gdowicz-Klosok, A.; Widel, M.; Rzeszowska-Wolny, J. The influence of XPD, APE1, XRCC1, and NBS1
polymorphic variants on DNA repair in cells exposed to X-rays. Mutat. Res. 2013, 755, 42–48. [CrossRef]
92. Mumbrekar, K.D.; Goutham, H.V.; Vadhiraja, B.M.; Bola Sadashiva, S.R. Polymorphisms in double strand
break repair related genes influence radiosensitivity phenotype in lymphocytes from healthy individuals.
Dna Repair 2016, 40, 27–34. [CrossRef]
93. Yin, M.; Liao, Z.; Huang, Y.J.; Liu, Z.; Yuan, X.; Gomez, D.; Wang, L.E.; Wei, Q. Polymorphisms of homologous
recombination genes and clinical outcomes of non-small cell lung cancer patients treated with definitive
radiotherapy. PLoS ONE 2011, 6, e20055. [CrossRef]
94. Venkatesh, G.H.; Manjunath, V.B.; Mumbrekar, K.D.; Negi, H.; Fernandes, D.J.; Sharan, K.; Banerjee, S.;
Bola Sadashiva, S.R. Polymorphisms in radio-responsive genes and its association with acute toxicity among
head and neck cancer patients. PLoS ONE 2014, 9, e89079. [CrossRef]
95. Chang-Claude, J.; Ambrosone, C.B.; Lilla, C.; Kropp, S.; Helmbold, I.; von Fournier, D.; Haase, W.;
Sautter-Bihl, M.L.; Wenz, F.; Schmezer, P.; et al. Genetic polymorphisms in DNA repair and damage response
genes and late normal tissue complications of radiotherapy for breast cancer. Br. J. Cancer 2009, 100,
1680–1686. [CrossRef] [PubMed]
96. Kerns, S.L.; Stock, R.G.; Stone, N.N.; Blacksburg, S.R.; Rath, L.; Vega, A.; Fachal, L.; Gómez-Caamaño, A.;
De Ruysscher, D.; Lammering, G.; et al. Genome-wide association study identifies a region on chromosome
11q14.3 associated with late rectal bleeding following radiation therapy for prostate cancer. Radiother. Oncol.
J. Eur. Soc. Ther. Radiol. Oncol. 2013, 107, 372–376. [CrossRef] [PubMed]
Genes 2020, 11, 1083 22 of 24
97. Ding, C.; Zhang, H.; Chen, K.; Zhao, C.; Gao, J. Genetic variability of DNA repair mechanisms influences
treatment outcome of gastric cancer. Oncol. Lett. 2015, 10, 1997–2002. [CrossRef] [PubMed]
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